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Abstract

The SciDAC milestone M3MS-19IN0101201 on Modeling Intra-granular Fission Gas Bubble
Evolution in Uranium Dioxide during Transients was completed with the development, testing
and implementation in the Bison code of an engineering model for intra-granular fission gas
bubble evolution that is applicable to transient conditions. The model extends the previous work
on modeling bubble evolution during normal operating conditions to include additional com-
plexity that arises during transient situations, in particular, the so-called intra-granular bubble
coarsening. This phenomenon refers to the appearance of a second population of coarsened bub-
bles with diameters of tens to hundreds of nm, which co-exist with nanometric bubbles present
also during normal operating conditions and are responsible for a large portion of transient fuel
swelling. The developed model considers growth of bubbles along dislocations, associated with
the absorption of vacancies available in the dislocation core region, and favored by pipe diffu-
sion of fission gas atoms. The model also utilizes the formulation for the gas atom resolution
rate developed in the present SciDAC project through molecular dynamics simulations by other
institutions. The present work therefore demonstrates an operational multiscale approach, based
on collaboration within the project. The model is validated to an extensive experimental dataset
of ramp tested uranium dioxide fuel samples. Additionally, we present new applications of the
base model for bubble evolution during normal operating conditions to Bison engineering sim-
ulations of Cr2O3-doped fuel rods irradiated in the Halden reactor. Simulation results in terms
of integral fission gas release in the fuel rods are compared to the available experimental data,
pointing out significant improvements in the engineering predictions compared to application of
the empirical model that was available in Bison before the SciDAC developments.
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Introduction

The accurate description of intra-granular fission gas behavior during both normal operating
and transient conditions is a fundamental part of fission gas behavior models applied in fuel
performance codes. The relevant physical phenomena include diffusion of gas atoms towards
grain boundaries coupled to the evolution of intra-granular bubbles. Bubbles nucleate in fuel
grains due to the low solubility of the fission gases and evolve through trapping of dissolved
gas atoms and the counteracting process of irradiation-induced gas atom resolution [1–5]. Intra-
granular bubbles not only affect the gas diffusion rate to grain boundaries but also contribute to
fuel swelling, although intra-granular gaseous swelling becomes significant compared to grain-
boundary swelling only at high burnup or during transients [6–8].

Within the SciDAC project on Simulation of Fission Gas in Uranium Oxide Nuclear Fuel, the
engineering-scale development effort at INL aims to develop improved models for intra-granular
fission gas behavior to be applied in fuel performance codes such as Bison. In previous years,
we developed a reduced parameter model for the evolution of intra-granular fission gas behavior
during normal operating reactor conditions. The model utilizes a single-size cluster dynamics
approach to track the evolution of nanometric intra-granular bubbles, and is currently available
in the Bison code. Details of these developments are given in the FY-18 INL milestone report [9]
and in publications related to this work [10–12].

During FY-19, an extended fission gas bubble evolution model was developed in order to con-
sider transient evolution in addition to behavior during normal operating conditions. In particu-
lar, a new modeling capability was developed to account for the so-called intra-granular bubble
coarsening [6–8,13–16] and the associated large fuel swelling during transients. The engineer-
ing model utilizes molecular dynamics (MD) calculations for gas atom resolution performed in
the present SciDAC project by Setyawan et al. [17], demonstrating an operational multiscale ap-
proach. Furthermore, validation to experimental data for transient-tested fuel was performed.

In addition to this, during FY-19 the original normal operation model was applied to new Bison
engineering simulations of Cr2O3-doped fuel rod experiments in the Halden reactor. Simula-
tion results for fission gas release were compared to experimental data and to previous fission
gas models in Bison, providing additional demonstration and validation of the SciDAC develop-
ments to engineering fuel rod simulations.

Completion of the SciDAC milestone M3MS-19IN0101201 through the above developments is
described in this report. Chapter 1 deals with the model for bubble evolution during transients,
including theoretical basis, main equations, initial validation, and the multiscale coupling to MD
calculations for resolution. Chapter 2 gives an account of the recent application of the SciDAC
developments at the engineering scale to Bison simulations of Halden fuel rod experiments.
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1 Model development for intra-granular bubble
evolution during transients

1.1 Background

During normal operating conditions, intra-granular fission gas bubbles generally have diameters
of one to a few nanometers. However, experiments have shown that during transient conditions
such as power ramps, a strongly bi-modal bubble size distribution develops, with the appearance
of a second population of coarsened bubbles with diameters of tens to hundreds of nm [6–8,13–
16]. Bubble coarsening during transients is associated with large local gaseous swelling of up
to 7-8% volumetric fraction [6,8,13] and is therefore of high engineering importance. Recent
research at INL within this SciDAC project has led to the development of a bubble coarsening
theory that invokes the role of dislocations as a source of vacancies and preferential bubble
growth along dislocations.

An alternative explanation for the development of a bi-modal bubble size distribution invokes
the role of resolution. In particular, as resolution becomes less effective with increasing bubble
radius, it has been postulated that a fraction of the bubbles may surmount a ’critical’ size beyond
which they are able to further grow without significant restriction, e.g., [18]. This mechanism
provides an explanation for bubble coarsening that is alternative, or complementary, to the role
of dislocations, and may be further investigated in the future.

On the other hand, the bubble coarsening theory applied in the present work finds support in
the experimental observations showing coarsened bubbles associated with dislocations (e.g., [8,
19]). It also appears to be a straightforward conceptual extension to dislocation defects of the
established behavior at grain boundary defects. The role of dislocations in bubble coarsening
has been considered in earlier modeling efforts on intra-granular bubble growth during post-
irradiation annealing [13].

The newly developed transient model extends the normal operating conditions model developed
in previous years by adding the evolution of a second population of bubbles along dislocations,
which is subject to coarsening. The coarsening mechanism is naturally activated during transient
conditions according to the physical representation in the model. While both small bubbles in
the bulk and coarsening bubbles at dislocations are modeled, only the average size of each pop-
ulation is considered. In this sense, the new model can be considered as a ’two-size’ description
of intra-granular bubble evolution. In the following, we provide a summary of the model and
present initial validation results.
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1.2 Modeling of fundamental mechanisms and multiscale coupling

The in-pile evolution of intra-granular bubbles in oxide nuclear fuel is governed by the funda-
mental mechanisms of bubble nucleation, irradiaton-induced resolution of gas atoms from the
bubbles back into the lattice, gas atom trapping and vacancy absorption at bubbles, and bubble
coalescence. Modeling of these mechanisms in the current enginering-scale model is described
in the following. Multiscale coupling to atomistic calculations from Setyawan et al. [17], in
particular, is dealt with in Section 1.2.2.

1.2.1 Bubble nucleation

Two different approaches have been proposed to model the rate of fission gas bubble nucle-
ation in UO2. The homogeneous mechanism describes bubble nucleation as a consequence of
diffusion-limited precipitation of gas atom dimers [3,20,21], while the heterogeneous mecha-
nism considers nucleation as a direct consequence of fission spikes [10,22,23]. Although both
mechanisms are presumably active, following our previous work [10] we model the nucleation
of small intra-granular bubbles in the bulk of the grain as heterogeneous. The nucleation rate
ν (m−3 s−1) is calculated as

ν = 2ηḞ (1.1)

where η (bubbles per fission fragment) is in the range 5-25 [19,22], Ḟ (fissions m−3 s−1) is the
fission rate density, and the factor of 2 corresponds to the approximate number of fragments
generated by each fission event.

Considering a simplified approach, the nucleation rate of bubbles along dislocations νd (m−3 s−1)
is modeled as follows

νd = K · dρd

dt
(1.2)

where ρd (m−2) is the space-averaged dislocation density and K (m−1) is a parameter represent-
ing the number of bubbles nucleated per dislocation. Note that in this preliminary approach, we
consider a nonzero initial number of nucleated bubbles at dislocations.

1.2.2 Resolution and multiscale coupling to atomistic calculations

For consideration of irradiation-induced resolution of gas atoms from bubbles in this work, fol-
lowing the conclusions of Govers et al. [24] and Setyawan et al. [17], we assume that resolution
is induce by the thermal spike due to electronic stopping (heterogeneous mechanism). For the
resolution rate, we adopt the following expression developed through molecular dynamics cal-
culations from Setyawan et al. [17]:
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α =

(
aexp(−b1 ·R)+

b0−a
1+ c ·R2 exp

(
−d ·R2)) · Ḟ (1.3)

where α (s−1) is the resolution rate, R (m) is the bubble radius and a, b0, b1, c, d are parame-
ters from [17]. In particular, we considered the parameters corresponding to a ratio between the
thermal spike energy and the total electronic stopping power of 0.73, as suggested in [17]. This
formulation for the re-solution rate improves and extends through atomistic methods the legacy
work on resolution from Turnbull [22], and introduces consideration of the thermal spike en-
ergy dissipation, the off-centered ballistic distance (i.e., the distance between the thermal spike
and the bubble center), and the reduced efficiency of resolution with increasing bubble radius.
The latter aspect is particularly important for the present work, where large coarsened bubbles
are considered. The reduced resolution efficiency with increasing bubble radius evaluated by
Setyawan and co-workers through lower-length scale modeling confirms the theoretical conclu-
sions from other authors, e.g., [16,18,25].

1.2.3 Gas atom trapping

In this work, we consider the trapping of gas atoms at (spherical) intra-granular bubbles as well
as at dislocations. Following Ham [26], the trapping rate at bubbles is calculated as

β = 4πDRN (1.4)

where β (s−1) is the trapping rates, D (m2 s−1) the single gas atom diffusion coefficient, and
N (m−3) the bubble number density. For the trapping rate at dislocations, we write

β
′
=

2πDρd

ln
rws,d

rd
− 3

5

(1.5)

where β
′

(s−1) is the trapping rate, rws,d = 1
/√

πρd (m) the radius of the Wigner-Seitz cell
associated with a dislocation, and rd (m) is the dislocation core radius, taken equal to five times
the magnitude of the UO2 Burgers vector. As a modelling assumption, gas atoms captured by
dislocations are considered as instantaneously trapped into dislocation bubbles. The hypothesis
is justified by the rapid diffusion of species near the core of dislocations (pipe diffusion), as
shown, e.g., by Murphy et al. [27].
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1.2.4 Vacancy absorption

We assume that bubbles at dislocations may absorb vacancies when their internal energy (pres-
sure) exceeds the mechanical equilibrium pressure. This condition is naturally triggered during
transients to high temperatures. Considering spherical bubbles, and following [28–30], we com-
pute the absorption rate of vacancies at a bubble, nv (/), as

dnv

dt
=

2πDvδ

kT ζ
(p− peq) (1.6)

where Dv (m2 s−1) is the vacancy diffusion coefficient along dislocations, δ (m) the radius of
the equivalent Wigner-Seitz cell associated with a dislocation bubble, k (J K−1) the Boltzmann
constant, T (K) the local temperature, p and peq (Pa) are the bubble pressure and the equilibrium
pressure, respectively, and ζ (/) is a dimensionless factor. The radius of the Wigner-Seitz cell is
determined by the relationship 4

/
3 πNdδ3 = 1, where Nd (m−3) is the number density of bubbles

at dislocations. The dimensionless factor is calculated as [30]

ζ =
10ψ(1+ψ3)

−ψ6 +5ψ2−9ψ+5
(1.7)

where ψ = Rd
/

δ is the ratio between the radii of the dislocation bubble and of the cell. Con-
sidering the van der Waals equation of state (neglecting the pressure correction, e.g., [1]), the
pressure of the gas in the bubble is

p =
kT
Ω

η (1.8)

where Ω (m3) is the vacancy volume, η (/) is the ratio between the number of atoms in dislocation
bubbles, nd (-), and the number of vacancies in dislocation bubbles, nv. The equilibrium pressure
is determined by the surface energy, γ (Jm−2), and the hydrostatic stress in the surrounding
medium, σh (Pa), i.e.,

peq =
2γ

Rd
−σh (1.9)

As for the vacancy diffusion coefficient along dislocations, in the absence of data, we apply the
assumption of the ratio between the vacancy diffusion coefficients at dislocations and in the bulk
being the same as for interstitial Xe atoms. For this purpose, we consider previous work on bulk
diffusivity of defects in UO2 [31] and on pipe diffusion of interstitials along dislocations [32] to
derive the following tentative correlation for Dv (m2 s−1)

Dv(T ) = 3.8 ·10−2 exp
(
−1.84eV

kT

)
(1.10)
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1.2.5 Bubble coalescence

As the radius of coarsened bubbles at dislocations can become comparable with the average
inter-bubble distance, mechanical interaction between bubbles and the associated bubble coa-
lescence need to be considered. Following [33], we consider intra-granular bubbles as a three-
dimensional system of spheres, randomly distributed according to a Poisson distribution. We
neglect coalescence between nanometric bulk bubbles, and account for coalescence between (i)
two large bubbles along dislocations and (ii) one dislocation bubble and one bulk bubble. The
inter-connection between two large dislocation bubbles is modelled assuming that only pair in-
teractions take place and considering bubbles as hard-spheres. In its final form, the equation for
the variation rate of the bubble number density due to coalescence reads

dNd

dVd
=−4λN2

d (1.11)

where Nd (m−3) is the number density of bubbles along dislocations, Vd (m) the bubble volume,
and λ = (2−ξ)

/[
2(1−ξ)3

]
is a correction factor accounting for the hard-sphere assumption,

with ξ = 4
3 πR3

dNd being the porosity associated with dislocation bubbles. It is noted that the
current formulation of the coalescence model may need further investigations to estimate the
impact of the array disposition of bubbles along dislocations, which may increase the probability
of interaction [34].

For modeling the interaction between a dislocation bubble and a bulk bubble, we assume that all
of the bulk bubbles within a sphere of volume V ∗d = 4

3 π(Rd +R)3 are captured by the expanding
dislocation bubble, and transfer their gas content to the latter. The probability that a small
bubble is incorporated by a growing dislocation bubble is N ·dV ∗d , with dV ∗d = 4π(Rd +R)2dRd .
Consequently, the decrease in number density of small bulk bubbles is given by

dN
dVd

=−Nd ·N (1.12)

1.3 Governing equations

Considering the mechanisms described in Section 1.2, the newly developed transient model
of intra-granular bubble evolution extends the normal operating conditions model developed
previously [9] by adding consideration of a second population of bubbles along dislocations,
which is subject to coarsening driven by vacancy absorption. The coarsening mechanism is
naturally activated during transient conditions according to the physical representation in the
model. While both small bubbles in the bulk and coarsening bubbles at dislocations are modeled,
only the average size of each population is considered.

The governing equations in the model’s final form are:
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∂c
∂t

= D∇
2c− (βn +βnd +β

′
)c+αnm+αnd md−2(ν+νd)+ yḞ

∂m
∂t

= 2ν+βnc−αnm

∂md

∂t
= 2νd +(βnd +β

′
)c−αnd md

(1.13)

where c (m−3) is the concentration of single gas atoms, m (m−3) the concentration of gas atoms
in bulk bubbles, md (m−3) the concentration of gas atoms in dislocation bubbles, and y (atoms
fission-1) the fission yield of gas atoms. The other quantities are defined in Section 1.2. The
number densities of bulk and dislocation bubbles evolve according to

∂N
∂t = ν−αnN

∂Nd
∂t = νd−αnd Nd

(1.14)

respectively. Additionally, variation of the number densities owing to coalescence is modeled as
discussed in Section 1.2.5. The average number of gas atoms per bulk and dislocation bubble
are

n =
m
N

nd =
md

Nd

(1.15)

respectively. As discussed in Section 1.2.4, dislocation bubbles are able to absorb vacancies
from the region next to the dislocation core when their internal energy exceeds the equilibrium
value. The volume of dislocation bubbles (assumed to be spherical) is calculated as

Vd = ndω+nvΩ (1.16)

where ω (m3) is the van der Waals’ volume of a fission gas atoms. The volume of bulk bubbles
(also assumed spherical) is determined as follows [3]

V = nB (1.17)

where B (m3) is the volume occupied by a fission gas atom in an intra-granular bubble.

Finally, the fractional volumetric fuel gaseous swelling due to intra-granular bubbles, used in
engineering fuel simulations, is calculated as

∆Vf

Vf
= NdVd +NV (1.18)
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Table 1.1: Nomenclature and values for the parameters of the intra-granular bubble evolution model.

Symbol Definition Value U.O.M. Reference

a Parameter in the resolution model 9.49 ·10−24 m3 [17]
b1 Parameter in the resolution model 7.07 ·10−2 m−1 [17]
b0 Parameter in the resolution model 9.18 ·10−23 m3 [17]
c Parameter in the resolution model 7.982 m−2 [17]
d Parameter in the resolution model 3.71 ·10−2 m−2 [17]
K Parameter in the nucleation model 1 ·106 m−1 Present work
B Volume occupied by a fission gas atom in intra-granular bubbles 4.09 ·10−29 m3 [3,10,35]
D Diffusion coefficient of fission gas atoms in UO2 m2 s−1 [36]

D = D1 +D2 +D3

D1 = 7.6 ·10−10 exp
(
−4.86 ·10−19

/
kT
)

D2 = 5.46 ·10−25
√

Ḟ exp
(
−1.91 ·10−19

/
kT
)

D3 = 2 ·10−40Ḟ

b Magnitude of the UO2 Burgers vector 3.85 ·10−10 m -
rd Dislocation core radius 5 ·b m E.g., [37]
γ UO2 gas surface energy 0.7 Jm−2 E.g., [5]
η Number of bubbles nucleated per fission fragment 25 - [5]
ρd Average dislocation density in the fuel grain 4 ·1013 mm−3 E.g., [8,38]
ω Van der Waals’ volume of Xe 8.5 ·10−29 m3 E.g., [39]
Ω Vacancy co-volume 4.09 ·10−29 m3 [35]

The nominal values for the parameters of the model are summarized in Table 1.1.

1.4 Initial experimental validation

As a fist step of validation of the new transient model, we present the comparison of model
predictions to experimental data in terms of characteristics intra-granular bubbles in several
power-ramp tested UO2 fuel samples. In particular, ’point’ calculations for the local fission gas
behavior in the experimental tests from White et al. [8] are performed. In the following, we
present the experimental database (Section 1.4.1) and the comparisons of results to the available
experimental data (Section 1.4.2). We also provide comparisons to the results obtained with the
previous (normal operating conditions) bubble evolution model for the simulation of the same
experiments. Finally, we compare the results to those obtained by using an empirical correlation
for the resolution rate that was applied in previous models, demonstrating the importance of
the multiscale coupling to MD calculations for resolution from Setyawan et al. [17] that was
introduced in the present work (Section 1.4.3).

1.4.1 Experimental database

The experimental dataset chosen to validate the model is the SEM database by White et al. [8].
The database consists in measurements performed on 12 UO2 Advanced Gas Reactor samples
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Table 1.2: Burnup, power levels and positions of SEM analyses for the experiments considered in this
work for model validation [8].

Rod ID Burnup (GWdt−1) Ramp type Peak power (kWm−1) Hold time SEM radial points

4000 20.7 Fast 40.0 30.0 min 4
4004 20.5 Fast 40.0 2.38 min 4
4005 20.8 Fast 40.0 2 min 4
4064 20.1 Slow 43.0 - 4
4065 9.25 Slow 41.8 - 5
4135 15 Slow + Fast 36.9 80 s 3
4136 12 Slow + Fast 39.0 - 5
4140 12 Slow 36.0 - 3
4162 12.6 Slow 40.0 - 4
4163 12.6 Fast 35.0 2.0 min 4

from fuel rods irradiated up to burnups of 9-21 GWdt−1 in the Halden reactor. After the base
irradiation, rods were subjected to power ramps or power cycling. SEM examinations were
performed at various radial positions in the samples. The obtained measurements constitute a
comprehensive database for the characteristics of intra-granular bubbles, and the associated local
intra-granular gaseous swelling. Details about the irradiation conditions for the experiments
considered in this work are given in Table 1.2.

1.4.2 Results

The comparisons of simulations to experimental data from [8] are illustrated in Figures 1.1
and 1.2 for the intra-granular bubble radius and bubble swelling, respectively. Results refer
to fission gas behavior simulations at all the SEM radial points in the experimental database
(Table 1.2). The results obtained using the previous model for normal operating conditions [10]
are also included.

The overall agreement between experimental data and predictions with the new transient model
(red symbols in Figures 1.1 and 1.2) appears satisfactory for this initial application of the new
model. In particular, sizes of tens to hundreds of nanometers for the coarsened intra-granular
bubbles, and volumetric swellings of one to several percent, in these ramp-tested fuel samples
are reproduced. Note that these values are orders of magnitude higher than bubbles sizes and
swellings observed under normal operating conditions, and could not be captured with traditional
models that do not include specific transient capabilities. This is confirmed by the comparison
with the results obtained using our previous model for normal operating conditions, shown in
Figures 1.1 and 1.2. In particular, as the previous model is limited to a description of nanomet-
ric intra-granular bubbles that are typical for normal operating conditions, a substantial under-
prediction of both bubble sizes and swellings for all considered situations is observed. Hence
the engineering importance of the present development for bubble coarsening under transient
conditions. Improvements in the model’s physical description and parametrization, and further
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Figure 1.1: Comparisons of model predictions for bubble radius to experimental data from [8]. Each
symbol corresponds to a simulation for one of the SEM radial points in the experimental database. Both
results obtained with the new transient model (red symbols) and with the previous normal operation
model [10] (black symbols) are included.
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Figure 1.2: Comparisons of model predictions for bubble swelling to experimental data from [8]. Each
symbol corresponds to a simulation for one of the SEM radial points in the experimental database. Both
results obtained with the new transient model (red symbols) and with the previous normal operation
model [10] (black symbols) are included.

application/validation to both separate-effects and integral fuel rod simulations using Bison, will
be pursued in the future.
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1.4.3 Impact of multiscale coupling for resolution

In Figures 1.3 and 1.4, a comparisons of the predictions obtained using the resolution param-
eter from MD calculations from Setyawan et al. [17] (black symbols) and using the empirical
resolution parameter considered in previous models [22], for the same set of simulations as
in Section 1.4.2, is presented. The improvement obtained through the multiscale copuling to
MD calculations from Setyawan et al. [17] for both of bubble size and swelling calculations
is evident. These results further highlight the value of the multiscale approach applied at the
engineering scale in this work and based on collaboration among the institutions involved in the
present SciDAC project.
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Figure 1.3: Comparisons of model predictions for bubble radius to experimental data from [8]. Each sym-
bol corresponds to a simulation for one of the SEM radial points in the experimental database (Table 1.2).
Both results obtained using the resolution model from molecular dynamics calculations from Setyawan
et al. [17] (black symbols) and using the empirical resolution model [22] (red symbols) are included.
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Figure 1.4: Comparisons of model predictions for bubble swelling to experimental data from [8]. Each
symbol corresponds to a simulation for one of the SEM radial points in the experimental database (Ta-
ble 1.2). Both results obtained using the resolution model from molecular dynamics calculations from
Setyawan et al. [17] (black symbols) and using the empirical resolution model [22] (red symbols) are
included.
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2 Application of SciDAC model to Halden fuel
rod simulations using Bison

During FY-19, the bubble evolution model for normal operating conditions in Bison developed
during previous years [9] was applied to new simulations of integral fuel rod experiments. In
particular, Cr2O3-doped UO2 fuel rod irradiations in the IFA-677.1 test performed at the Halden
Reactor Project [40,41] were simulated with Bison, using the SciDAC engineering-scale bubble
evolution model for normal operating conditions

In cooperation with the Consortium for Advanced Simulation of Light Water Reactors (CASL),
the work also involved coupling of the SciDAC model in Bison to atomistic calculations for fis-
sion gas atom diffusivity in Cr2O3 doped UO2 from Los Alamos National Laboratory (LANL) [42].

In the following, we provide a brief description of the analyzed experiments (Section 2.1) and
present the Bison simulation results (Section 2.2). Presented results include comparisons of
calculations using the SciDAC bubble evolution model to the previous empirical models in Bi-
son, as well as an investigation of the impact of the multiscale coupling to the LANL atomistic
calculations for gas atom diffusivity.

2.1 Description of Halden test IFA-677.1

The Halden test IFA-677.1 [40,41,43] aimed to investigate the performance of modern fuels
subjected to high initial rating. The test rig contained six rods. Two of the rods, supplied by
Westinghouse, contained UO2 fuel doped with Cr2O3 and Al2O3. All rods were instrumented
with pressure transducers and fuel centerline thermocouples in both ends. The test was loaded
in the Halden reactor in December 2004 and completed six cycles of irradiation under HBWR
(Halden Boiling Water Reactor) conditions in September 2007, achieving a rig average burnup
of ∼26.3 MWd/kgOX. Rods 1 and 5 from the IFA-677.1 test, i.e., the ones fueled with Cr2O3-
doped UO2, have been simulated with Bison.

The main characteristics of the fuel rods in IFA-677.1 analyzed in the present work are summa-
rized in Table 2.1.

The average linear heat rate (LHR) histories for the fuel rod test in IFA-677.1 analyzed in this
work are illustrated in Figure 2.1. The Halden raw data were condensed using the Fuel Rod
Analysis ToolBox developed by K. Lassmann [44]. The thermal boundary conditions at the
cladding outer surface were determined using Bison’s internal coolant channel model, with the
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Table 2.1: Fabrication characteristics of IFA-677.1 rods analyzed in this work [40,41,43]

IFA-677.1 rod 1 IFA-677.1 rod 5
Cladding material Zircaloy-4 Zircaloy-4
Fuel material UO2 + additives UO2 + additives
Fill gas He He
Total active fuel stack length mm 398.6 403.5
Drilled active section length (top) mm 109.2 111.0
Drilled active section length (bottom) mm 109.7 111.1
Pellet inner diameter (drilled sections) mm 1.8 1.8
Pellet outer diameter mm 9.13 9.13
Diametral gap µm 170 170
Cladding thickness mm 0.725 0.725
Cladding outer diameter mm 10.75 10.75
Free volume cm3 5.34 5.26
Fill gas pressure MPa 1.35 1.35
Fuel Cr2O3 content ppm 900 500
Fuel Al2O3 content ppm 200 200
Fuel U-235 enrichment % 4.94 4.91
Initial fuel density kg/m3 10690 10700
Fuel average grain radius µm 28 22.5

coolant inlet temperature history determined from the Halden raw data. The Jens-Lottes heat
transfer correlation, which is recommended for Halden HBWR conditions was applied.

Figure 2.1: Average linear heat rate histories for IFA-677.1 rods 1 and 5
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2.2 Bison simulation results

Figures 2.2 and 2.3 show the comparisons of Bison integral FGR predictions to the experimen-
tal data from Halden [40] for IFA-677.1 rods 1 and 5, resepctively. Results are presented for
simulations using the original Bison intra-granular fission gas model, which is based on epirical
fits from [5] (gray lines), the new SciDAC fission gas model (black lines) and the new SciDAC
model with the additional multiscale coupling to the atomistic calculations for fission gas atom
diffusivity in Cr2O3 doped UO2 from LANL [42] (blue lines).

Results demonstrate the improvement associated with the introduction of the SciDAC engineer-
ing fission gas model in Bison, as well as the further improvement obtained with the multiscale
coupling to the atomistic model for diffusivity. Predictions obtained with the combined develop-
ments are indeed very satisfactory, considering the inherent uncertainties in fission gas release
predictions in engineering fuel rod calculations.

Figure 2.2: Comparisons of Bison calculations to measured fission gas release for the Halden test IFA-
677.1 rod 1
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Figure 2.3: Comparisons of Bison calculations to measured fission gas release for the Halden test IFA-
677.1 rod 5
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Conclusions

This report described completion of the INL SciDAC milestone M3MS-19IN0101201 on Mod-
eling Intra-granular Fission Gas Bubble Evolution in Uranium Dioxide during Transients. The
work performed encompassed the development, testing and implementation in the Bison code
of an engineering model for intra-granular fission gas bubble evolution that is applicable to both
normal operating and transient LWR conditions, and utilizes a multiscale approach. Specific
contributions that were obtained through the present work are:

• The development and initial validation of a new model for intra-granular bubble evolution
at the engineering scale that extends the previously developed single-size cluster dynamics
model to include complexities related to transient behavior, in particular, bubble coarsen-
ing and the associated transient fuel swelling.

• The coupling of the engineering bubble evolution model to molecular dynamics calcula-
tions for the gas atom resolution rate performed in this project [17], which demonstrated
an operational multiscale approach successfully applied at the engineering scale and based
on collaboration among the institutions involved.

• The application of the previously developed bubble evolution model in Bison to engineer-
ing fuel rod simulations of Halden experiments, which further demonstrated the engineer-
ing application of the SciDAC developments, as well as the improvements in fission gas
release predictions compared to the empirical models previously used in Bison.

A relatively simple but physics-based modeling approach at the engineering scale was applied
in order to comply with the computational requirements associated with the application in engi-
neering codes. On the other hand, thanks to its physical basis, the model can be informed with
improved parameters derived at the lower length scales, thus providing an ideal framework for
multiscale modeling applied in engineering calculations. While such a multiscale coupling was
already demonstrated in this work with the usage of resolution parameters from MD calcula-
tions and diffusion coefficients from DFT calculations, further improvements in this respect and
additional validation of the developed multiscale modeling capabilites will be pursued in future
work. Furthermore, comparisons of the engineering-scale bubble evolution models to advanced
cluster dynamics models developed in the present SciDAC project (Xolotl code) are planned.
These comparisons are expected to provide further insight into the impact of the assumptions
applied and potential improvements in the parametrization of the engineering-scale models.
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